Introduction
============

Janus kinases (JAKs) constitute a family of cytoplasmic non-receptor tyrosine kinases of which four family members have been identified in mammals, JAK1, JAK2, JAK3, and TYK2 (tyrosine kinase 2). Whereas JAK1, JAK2, and TYK2 are ubiquitously expressed, the expression of JAK3 is limited to hematopoietic cells. JAKs associate constitutively with a variety of cytokine and hormone receptors, and ligand binding to these receptors results in activation of JAK. The activated kinase subsequently phosphorylates specific tyrosine motifs in the receptor which in turn serve as docking sites for signaling molecules such as STATs, Src-kinase, protein phosphatases, and adaptor signaling proteins such as Shc, Grb2, and Cbl.[@R1] Consequently, an intricate cross-talk between JAK and other signal transduction pathways occurs in mammalian cells.[@R2]^-^[@R4]

JAKs and the JAK-STAT pathways play essential roles in embryogenesis, development, and hematopoiesis. However, JAKs have also been found mutated and overexpressed in various malignancies and therefore have been attributed a critical role in malignant transformation of cells and in cancer progression[@R5]^-^[@R8] and strong efforts are being undertaken to generate selective inhibitors for the JAK subtypes to achieve therapeutic effects.[@R9]^,^[@R10]

Signaling pathways activated by cytokines consist of families of inherent signaling molecules, which are different from those activated by nuclear receptors. Nevertheless, convincing evidence has been accumulated in the last decade that cytokines, via activation of JAK and the JAK-STAT pathways, interact with signaling pathways that are triggered by nuclear receptors. Furthermore, ligands of nuclear receptors have been reported to be important regulators of cytokine production.[@R11] In this review we summarize briefly current knowledge on the interaction of JAK and JAK-related signaling pathways with steroids and steroid receptors with special emphasis on observations in tumors.

Steroid Hormones and Steroid Receptors
======================================

Steroid hormones occurring in vertebrates have been grouped into the sex steroids (estrogens, progestagens, and androgens), corticoids (glucocorticoids and mineralocorticoids), and in steroid-like compounds (vitamin D and its derivatives, retinoic acid, PPAR \[peroxisome proliferator-activated receptor\] agonists, and thyroid hormone). All steroids bind to specific receptors which show significant homology and form the superfamily of steroid receptors.[@R12]^,^[@R13] Most of the natural steroid hormones are synthesized from cholesterol. The sex steroids are mainly produced in the gonads and to a small extent in the adrenal glands. Estrone and estradiol, the strongest natural estrogens, may also be produced at significant amounts in the adipose tissue.[@R14] Glucocorticoids and mineralocorticoids are products of the adrenal cortex. Conversions and catabolism of steroids occur mainly in the liver, but also in other peripheral tissues and in the target tissues. Steroid hormones help control metabolism, inflammation, immune functions, salt and water balance, development of sexual characteristics, and the ability to withstand illness and injury. Nevertheless, all classical steroid hormones, in particular the sex hormones, may be implicated in the development of diseases. For example, estrogens and androgens play a central role in the pathogenesis of breast and prostate cancer, respectively.

In the blood, steroid hormones are bound to specific carrier proteins such as sex hormone-binding globulin or corticosteroid-binding globulin. As lipophilic compounds they can pass through the cell membrane and then bind to the respective steroid hormone receptors. Most steroid receptors are members of the large superfamily of nuclear receptors and transcription factors.[@R12] This superfamily, on the one hand, has been categorized in six subfamilies according to sequence homology.[@R15] On the other hand, type I to IV receptors have been categorized according to DNA binding characteristics.[@R12]^,^[@R16]

Steroid hormone receptors may be nuclear or cytosolic or even membrane-bound.[@R17] In the inactive state cytosolic steroid receptors are bound to heat-shock proteins. Ligand binding results in the dissociation of heat shock proteins, homodimerization of the receptors, and translocation from the cytoplasm into the cell nucleus. There, they bind to specific sequences of DNA known as hormone response elements (HREs) in the promoter regions of target genes. Other proteins are recruited to the receptor/DNA complex and DNA transcription into mRNA is initiated. Four types of nuclear steroid receptors have been described depending on their mechanism of action. Type I nuclear receptors usually bind to HREs consisting ideally of two palindromic half-sites separated by a variable length of DNA, the second half-site being a sequence inverted from the first (inverted repeat). Type I nuclear receptors include the estrogen receptors, progesterone receptor, androgen receptor, mineralocorticoid receptor, and glucocorticoid receptor. Type II receptors are located in the nucleus regardless of the activation status and usually bound to direct repeat HREs in the DNA. In the unliganded state, type II nuclear receptors are usually complexed with corepressor proteins. Ligand binding causes dissociation of corepressor and recruitment of coactivator proteins. Type II nuclear receptors include the retinoic acid receptor, retinoid X receptor, and the thyroid hormone receptor.[@R18] Type III receptors are similar to type I receptors; both classes bind to DNA as homodimers. However, in contrast to type I receptors, type III receptors bind to direct repeat instead of inverted repeat HREs. The so-called "orphan nuclear receptors" have been categorized in the Type III class.[@R19] Type IV receptors can bind either as monomers or dimers. Such receptors are found in most of the nuclear receptor subfamilies. The high complexity of nuclear receptor/DNA binding has been reviewed previously.[@R20]^,^[@R21]

In contrast to the nuclear receptors which initiate genomic actions, i.e., activation or repression of gene expression, membrane-associated steroid receptors activate intracellular signaling cascades involved in rapid non-genomic actions.[@R17] Cell membrane associated steroid receptors include some estrogen receptor subtypes and G-protein-coupled receptors.[@R22] Characteristically, steroid hormone receptors undergo ligand-induced downregulation. This represents a physiologically important feedback mechanism to limit hormone action in target tissues.

JAK and Estrogen Receptor Interaction
=====================================

Since the pioneering work of George Beatson in 1896,[@R23] different clinical, epidemiological, and animal studies have clearly established the cardinal role of estrogens in the pathogenesis of breast cancer. More importantly, estrogen receptor-α (ERα) has been identified as the key mediator of the tumorigenic action of estrogens in the breast and is a clinically reliable prognostic indicator of the disease.[@R24] Nevertheless, the signaling mechanisms involved in the regulation of ERα transcriptional activity are highly complex and continue to remain elusive. In the last decade it became evident that ERα activity is not only regulated by estrogens but also by ligand-independent mechanisms which involve protein kinases related to growth factor-activated signaling cascades.[@R25]^-^[@R28] Considering the importance of protein kinases in the regulation of intracellular signal transduction pathways, our group performed a kinome-wide high-throughput siRNA screening in an ERα-positive breast cancer cell line and identified JAK2 as a novel *negative* regulator of ERα activity.[@R29] Investigation of the underlying molecular mechanism elucidated a role of JAK2 in promoting ubiquitin-dependent proteasomal degradation of ERα. In addition, we found an upregulation of JAK2 expression upon prolonged estradiol treatment, which suggested a potential physiological function of this kinase in governing the autoregulation of ERα expression level in hormone responsive tissues. Other JAK isoforms were not related to this mechanism. The potential role of STATs in this negative effect of JAK2 on ERα remains to be clarified. Interestingly, we found JAK2 to be a target of miR-375 (Gupta N, unpublished data), a micro-RNA which has been previously reported to be upregulated in breast cancer cells, functioning as a positive regulator of ERα.[@R30] This observation suggests an even higher complexity of JAK2/ERα interaction involving the fine-tuning by a micro-RNA ([Fig. 1](#F1){ref-type="fig"}).

![**Figure 1.** JAK2 is a negative regulator of ERα. JAK2 negatively regulates ERα level by initiating a signaling pathway that results in degradation of ERα via the proteasome. In the presence of E2, JAK2 is induced. Increasing JAK2 levels may play a role in limiting the ERα level and thereby regulate E2 responsiveness in target tissues.[@R29] In addition, JAK2 is a target for miR-375, a miRNA which positively regulates ERα.[@R30] This suggests a complex regulation of the JAK2 and ERα interaction.](jkst-2-e24911-g1){#F1}

In a clinical study with infiltrating ductal breast carcinomas, Yeh et al. observed a reduction in the expression of active phosphorylated JAK1 (p-JAK1) which significantly correlated with ER positive status and increased tumor size.[@R31] Further, by using ERα-positive and negative cell lines as well as RNAi interference, these authors established the inverse relation between p-JAK1 and ERα which in turn underscored the importance of p-JAK1 in the development of infiltrating ductal carcinoma. Interestingly, in context of the mitogenic role of leptin in breast tumorigenesis[@R32]^,^[@R33] the JAK kinase has been reported to exert a positive regulatory effect on estrogen signaling. Upon binding to its receptor on the surface of epithelial breast cancer cells, leptin induces JAK-mediated tyrosine phosphorylation and activation of the downstream targets STAT3 and MAPK. Whereas STAT3 induces the expression of aromatase and upregulates estradiol production, MAPK inhibits the proteasomal degradation of ERα.[@R34]

An intricate transcriptional crosstalk between nuclear receptors and cytokine signaling is increasingly gaining prominence in the immune system. Furthermore, growth hormone (GH) regulates somatic growth and carbohydrate and lipid metabolism[@R35] through a transmembrane receptor which is a member of the cytokine receptor superfamily and is coupled to JAK-STAT signaling.[@R36] Leung et al. showed that estrogen inhibited GH-induced tyrosine phosphorylation of JAK2 and consequently, reduced STAT3 and STAT5 transcriptional activity in HEK293 cells stably expressing the GH receptor, as well as in T-47D breast cancer cells and HuH-7 hepatoma cells.[@R37] The effect was mediated by upregulation of the expression of SOCS2, a well-established negative regulator of the JAK-STAT pathway. The same group showed later that the selective estrogen receptor modulators 4-hydroxytamoxifen and raloxifen augmented GH signaling in HEK293 cells.[@R38]

Similar to GH, the luteotropic hormone prolactin (PRL) which is essential for the establishment and maintenance of pregnancy exerts its biological action through a cytokine receptor.[@R39] In the ovarian corpus luteum, PRL activates the JAK2-STAT5 pathway and upregulates ERα expression, which in turn transduces the reproductive functions of estrogen. In addition, PRL also increases the level of luteinizing hormone that is necessary for endogenous production of estradiol and androgens.[@R40]^,^[@R41] Interestingly, Zhao et al. showed that in human adipocytes, the cytokines IL-11, IL-6, LIF, and oncostatin M activate the JAK1-STAT3 pathway to induce the expression of aromatase P450[@R42] which catalyzes the last step in the biosynthesis of estrogens. Since adipose tissue is the major site for postmenopausal estrogen production, JAK1 seems to have the potential to influence hormone levels in elderly women.

Taken together, an intriguingly complex and diverse crosstalk exists between estrogens, ERα, and JAK, which is subject to species and tissue specific variation and is strongly influenced by the upstream signals.

JAK and Progesterone Interaction
================================

Progesterone is mainly produced in the corpus luteum during the menstrual cycle and in the placenta during pregnancy in women and to a minor extent in the testis in men. It promotes proliferation and differentiation of mammary gland epithelium and has an essential contribution to the development and progression of breast cancer.[@R43] The tumorigenic effect of progesterone has been partly attributed to the multi-level intricate cross-talk of the ovarian steroid with growth factors and cytokine signaling pathways. Interestingly, treatment of T-47D breast cancer cells with synthetic progesterone induces tyrosine phosphorylation of JAK2 and an increase in STAT5 protein level. In addition, progesterone potentiates EGF signaling by upregulating the EGF receptors and activating the downstream signaling molecules in the breast cancer cells. This cross-talk between progesterone and JAK-STAT pathway/EGF signaling has been reviewed in detail by Lange et al.[@R44] In 2005, Proietti et al. further investigated the role of progesterone in the regulation of the JAK-STAT pathway in breast cancer.[@R45] The study used an elegant experimental model where the synthetic progesterone medroxyprogesterone acetate (MPA) was used to induce mammary adenocarcinoma in Balb/c mice. MPA treatment triggered tyrosine phosphorylation of JAK1 and JAK2 and activated the downstream target STAT3. Additionally, progesterone upregulated the activity and expression of STAT3 and stimulated breast cancer growth; this could be blocked by inactivation of JAKs.

Only recently, a unique role of progesterone has been reported in human spermatozoa.[@R46] Capacitation or the acquisition of sperm fertilizing ability involves the activation of the JAK-STAT pathway.[@R47]^,^[@R48] Progesterone was found to trigger tyrosine phosphorylation of JAK1, JAK2, and STAT1 in a time-dependent manner and the phosphorylation pattern of JAK1 and JAK2 being different in different regions of the sperm, and thereby influence the normal physiological function of spermatozoa.

JAK and Androgen Receptor Interaction
=====================================

Only little is known about the interaction between JAK and androgen receptor (AR). Androgens are mainly produced in the testis and to a minor extent in the adrenal gland and the prostate and they have long been implicated in the pathogenesis of human prostate cancer.[@R49] In addition, activation of the androgen receptor and increased androgen signaling play a role in the carcinogenesis in other tissues such as the liver and the pancreas. Ueda et al. discovered an interesting cross-talk between IL-6 and AR signaling in LNCaP prostate cancer cells resulting in AR activation and increased AR-driven reporter gene expression.[@R50] Interestingly, IL-6 induced the phosphorylation/activation of mitogen-activated protein kinase (MAPK) and activation of the N-terminal domain of the AR. IL-6 also activated STAT3, probably by direct phosphorylation of STAT3 by JAK. Activated STAT3 directly interacted with the AR N-terminal domain. Moreover, in hepatitis C virus positive hepatocellular carcinoma[@R51] and in pancreatic cancer,[@R52] JAK along with STAT3 has been implicated in the activation and function of the AR. In contrast, Martinez et al. suggested a negative effect of JAK2 on androgen receptor activity in LNCaP cells.[@R53] These authors performed a mass spectrometry-based quantitative proteomic analysis to identify androgen regulated protein networks that control cell proliferation, survival and differentiation in LNCaP cells. JAK2 was identified as a novel androgen-sensitive microsome-associated protein that was part of a whole network of androgen-sensitive microsome-associated proteins which also included MAPK and phosphatidylinositol 3-kinase (PI3K). JAK2 modulated the expression of prostate epithelial and neuronal markers and co-regulated AR-mediated transcription. Importantly, JAK2 inhibited the mTOR pathway and downregulated cell proliferation in an AR-dependent fashion. The contradictory results regarding the role of JAK2 in the regulation of AR activity remains elusive. The high complexity of this molecular framework may be of relevance in the regulation of attenuation or stimulation of prostate cancer growth.

JAK and Aldosterone Interaction
===============================

Aldosterone is a steroid of the adrenal cortex. Adrenal steroidogenesis is primarily regulated by the hypothalamic adrenocorticotropic hormone (ACTH) via the cAMP/PKA signaling pathway. Lefrancois-Martinez et al. uncovered an interesting novel link between PKA and STAT5-independent nuclear JAK2 signaling in rat adrenal cortical cells.[@R54] Nuclear JAK2 induced tyrosine phosphorylation and prevented the proteasomal degradation of the transcription factor cAMP response element-binding protein (CREB); leading to increased stability of CREB and expression of CREB regulated steroidogenic target genes.

As an integral part of the renin-angiotensin system aldosterone plays a central role in the regulation of hemodynamic stability.[@R55] The active octapeptide angiotensin II, produced from angiotensin I by the angiotensin converting enzyme (ACE), stimulates the production of aldosterone by inducing the rate-limiting steroidogenic acute regulatory protein (StAR). Two independent groups reported angiotensin II-induced phosphorylation and activation of JAK2 in vascular smooth muscle cells[@R56] and in H295R human adrenocortical cells,[@R57] respectively. The latter study further demonstrated the inhibitory effect of JAK2 blockage on StAR reporter gene activity and steroid production, thereby, once more, highlighting and confirming the importance of JAK2 in adrenal steroidogenesis. Interestingly, aldosterone was found to stimulate the expression and activity of ACE through a JAK2-dependent pathway in rat aortic endothelial cells.[@R58] This indicates the presence of a positive autoregulatory loop in the renin-angiotensin-aldosterone system where JAK2 seems to play an integral role ([Fig. 2](#F2){ref-type="fig"}).

![**Figure 2.** JAK2 is a key player in the renin-angiotensin-aldosterone autoregulation. Angiotensin II, produced from angiotensin I by the angiotensin converting enzyme (ACE), stimulates the production of aldosterone by inducing the rate-limiting steroidogenic acute regulatory protein (StAR). Aldosterone stimulates ACE expression through a JAK2-dependent mechanism. Furthermore, angiotensin II induces phosphorylation and activation of JAK2 which then activates StAR expression. This indicates the presence of a positive autoregulatory loop in the renin-angiotensin-aldosterone system where JAK2 seems to play an integral role.](jkst-2-e24911-g2){#F2}

An increased level of circulatory very low density lipoproteins (VLDL) is a characteristic feature of diabetic dyslipedemia. Recently, JAK2 has been reported to be involved in VLDL-induced transcriptional regulation of aldosterone synthase (Cyp11B2).[@R59] The elevated level of the steroid may contribute to myocardial fibrosis and cardiovascular injury during diabetes mellitus.

Glucocorticoids
===============

Glucocorticoids are produced in the adrenal cortex. They play a key role in the regulation of immunosuppressive and anti-inflammatory mechanisms in a cell type-specific manner, primarily through inhibition of cytokines.[@R60]^,^[@R61] To uncover the role of the JAK-STAT pathway in these immunomodulatory actions of glucocorticoids, Bianchi et al. undertook a pioneering study in primary T cells.[@R62] They found that dexamethasone, a synthetic glucocorticoid, inhibited IL-2 signaling by suppression of IL-2 receptor and JAK3 kinase expression. The consequent reduction in tyrosine phosphorylation and nuclear translocation of STAT3 led to the decrease of IL-2 mediated gene activation and T-cell proliferation. In addition, due to its inhibitory effect on IL-2 receptor expression, dexamethasone had the ability to block signaling by cytokines like IL-4, IL-7, and IL-15, which use IL-2 receptor components. This in turn, indicated the potential of the steroid in suppressing T-cell response.

Haffner et al. reported an interesting crosstalk between the glucocorticoid receptor and SOCS1 (suppressor of cytokine signaling-1), a potent inhibitor of the JAK-STAT pathway.[@R63] They found that the glucocorticoid receptor and SOCS1 interact physically to form an intracellular complex and negatively influence the transcription of two glucocorticoid receptor-regulated genes. These results suggest a prominent role of SOCS1 in the early phase of cross-talk between glucocorticoid receptor and cytokine signaling. Furthermore, glucocorticoids increased the nuclear level of SOCS1. In addition to their immunosuppressive functions, glucocorticoids are potent inducers of apoptosis,[@R64]^,^[@R65] and the development of resistance to such anti-proliferative signals in tumor cells challenges the successful implementation of current therapies. Krasil'nikov et al. uncovered the existence of an autoregulatory feedback loop consisting of JAK2, STAT3, and PI3K that resulted in enhanced resistance to dexamethasone treatment in melanoma cells.[@R66]

The major signaling pathways activated by leptin, a hypothalamic hormone and central regulator of metabolic homeostasis, are the JAK-STAT pathway and the mitogen-activated protein kinase (MAPK) pathway.[@R67] Importantly, the JAK-STAT pathway is the crucial pathway in leptin-mediated energy homeostasis and metabolism.[@R67] Glucocorticoids or hypersensitivity to glucocorticoids which have a permissive effect on the development of obesity were found to antagonize leptin action in rodents.[@R68] Ishida-Takahashi et al. showed for the first time that glucocorticoids have the potential to inhibit leptin-induced tyrosine phosphorylation of JAK2 and activation of STAT3 in human hepatoma cell lines Huh7, partly via the MAPK cascade.[@R69]

JAK and Retinoic Acid Receptor Interaction
==========================================

Retinoic acid receptor α (RARα) is an important regulator of myeloid cell proliferation and differentiation.[@R70]^-^[@R72] Si and Collins reported that IL-3 upregulates RARα transcriptional activity, which in turn was accompanied by commitment of multipotent immature extramedullary myeloid leukemia cells to a granulocyte/monocyte lineage.[@R73] Interestingly, the increased receptor activity was primarily driven by a JAK2-dependent pathway. Yet another cytokine, IL-6, triggered the JAK-STAT pathway to increase the expression of RARα in astrocytes.[@R74] Along with STAT, p300/CBP, and the Smad complex, RARα potentiated the transcription of glia specific marker GFAP (glial fibrillary acidic protein). Finally, the JAK-STAT pathway was found to be profoundly deregulated in vitamin A-deficient rat liver.[@R75] Nuclear phospho-JAK2 and phospho-SHP-1, a ubiquitously expressed tyrosine-specific protein phosphatase, were reduced whereas phosphorylated STAT5 tended to accumulate in the nucleus.

JAK and Vitamin D Interaction
=============================

Vitamin D has potential protective effects against prostate cancer and the most active vitamin D analog 1α,25 dihydroxyvitamin D~3~ (1,25(OH)~2~D~3~) has been reported to exert anti-cancer effects in cultured prostate cancer cells or animal tumor models.[@R76] In an attempt to decipher the underlying mechanism, Kovalenko et al. investigated the transcript profile of 1,25(OH)~2~D~3~-treated RWPE1 cells, an immortalized, non-tumorigenic human prostate epithelial cell line.[@R77] The vitamin was found to block cytokine production and suppressed the JAK-STAT pathway which mediates the proliferative effects of IL-6, IL-12, and INFγ. A similar inhibitory effect of 1,25(OH)~2~D~3~ on JAK signaling was observed in experimental allergic encephalomyelitis, an autoimmune disease of the central nervous system.[@R78] In contrast, in UMR106 osteoblast-like cells, 1,25(OH)~2~D~3~ repressed SOCS3 and cytokine-inducible SH2-containing protein (CIS), two negative regulators of JAK2-STAT5 signaling, and thereby potentiated GH action.[@R79]

JAK Interaction with Peroxisome Proliferator-Activated Receptors
================================================================

The peroxisome proliferator-activated receptors (PPARs) are a large family (PPARα, PPARβ/δ, and PPARγ)of lipid-binding nuclear receptors which play essential roles in the regulation of cellular differentiation, development, and metabolism (carbohydrate, lipid, and protein).[@R80]^,^[@R81] PPARs heterodimerize with the retinoid X receptor and bind to PPAR response elements (PPREs) in the DNA to regulate gene expression.

Peroxisome proliferator-activated receptor α (PPARα) is essential for maintaining liver homeostasis,[@R80]^,^[@R81] and it also participates in mediating the carcinogenic and tumor-promoting effects of a wide array of non-genotoxic agents.[@R82] Several groups independently reported an inhibitory effect of GH on induction of peroxisomal enzymes and peroxisome proliferation.[@R83]^-^[@R86] The underlying mechanism remained unclear until Zhou et al. showed that GH-induced JAK2 and STAT5B is involved in the suppression of PPARα activity.[@R87] The PPARγ isoform is known to intervene in the production of cytokines and/or chemokines and subsequently, modulate the development of an inflammatory response. The natural PPARγ agonist 15-deoxy-Δ^12,14^-prostaglandin J~2~ (15d-PGJ~2~) was reported to inhibit the expression of a T-cell attracting chemokine, IP-10/CXCL10, by targeting the JAK-STAT pathway in mouse mesangial cells.[@R88]

Concluding Remarks
==================

This brief review gives an overview on the high complexity in the interplay between cytokine signaling, the JAK-STAT pathway and the expression level and function of steroid receptors in different tissues. Interaction of different JAK isoforms with a steroid receptor may have opposite effects in the same tissue and cross-talk between JAK and a certain steroid receptor may elicit different processes in different tissues. Therefore the balanced cross-talk is of high relevance for the regulation and maintenance of cell and tissue specific physiological functions and disturbances may result in pathophysiological processes and diseases including cancer. The novel observation that JAK2 is a negative regulator of ERα, a steroid receptor involved in breast cancer development and progression, suggests that more research is necessary regarding the use of JAK inhibitors in cancer therapy.
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